Summary. Experimental field plantings showed that plant diversity strongly affected the population dynamics of a specialist herbivore, the striped cucumber beetle, Acalymma vittata (Fab.) (Coleoptera: Chrysomelidae). Population densities over time were characterized by two peaks in numbers (from colonization and reproduction, respectively) and were consistently higher in cucumber monocultures (Cucumis sativus L.) than in polycultures of cucumbers, corn (Zea mays L.), and broccoli (Brassica oleracea L.). Greater abundances in monocultures appear to result from two factors: (1) per individual reproductive rates were greater in monocultures than in polycultures, and (2) mark-recapture studies confirmed that beetles stay in monocultures for a longer period of time than in polycultures. Differences in predation did not appear to contribute to the overall differences in herbivore abundances.
Introduction
Plant diversity has long been known to affect both the diversity (Murdoch et al., 1972; Root, 1973; Price and Waldbauer, 1975) and stability (Pimentel, 1961b (Pimentel, , 1977 Southwood and Way, 1970; van Emden and Williams, 1974) of the hervibore community. For many agricultural ecosystems, specialist herbivores often comprise the major portion of the herbivore load and function as "organizer" species among the herbivores of a particular host plant (Root, 1973) . Thus, the population dynamics of the major specialist herbivore on a plant species often are important determinants of total herbivore load. Studies comparing abundances of specialist herbivores in simple and diverse communities have documented that monocultures of host plants have greater numbers of herbivores than do more diverse habitats (Pimentel, 1961b; Tahvanainen and Root, 1972; Root, 1973; Dempstcr and Coaker, 1974; Smith, 1976a; Altieri et al., 1977 Altieri et al., , 1978 . However, few studies have examined the dynamics of the interaction between the herbivores and their host plants (i.e., what is the impact of greater numbers of specialist herbivores upon plants in monocultures ?).
Two basic hypotheses have been proposed to explain higher insect densities in simple as compared to diverse plant communities (Root, 1973) . The "resource concentration" hypothesis predicts lower herbivore abundances in diverse communities because specialist herbivores in diverse communities will: (1) be less likely to find their host plant because of confusing chemical and/or visual stimuli, (2) tend to stay for a shorter period of time simply because the probability of landing on a non-host plant is increased, and (3) have lower survivorship and fecundity. The "enemies" hypothesis attributes lower herbivore densities in diverse habitats to a higher density of predators and parasitoids. Higher populations of predators and parasitoids should be maintained in diverse communities because they can exploit the greater diversity of herbivores which become available at different times or in different microhabitats (Flaherty, 1969) and the greater diversity of special resources, such as nectar and pollen (Price and Waldbauer, 1975) . Several studies support various aspects of these hypotheses (for a review, see Cromartie, 1979) , but few studies have tested both hypotheses for the same herbivore-plant interaction.
In this study, I investigated the following questions: (l) Are population densities of a specialist herbivore species greater in monocultures of host plants than in polycultures containing additional plant species ?, (2) If so, do differences in reproductive rates, movement patterns, and/or predation account for the observed differences in herbivore abundances?, and (3) How does plant diversity influence the dynamics of the interaction between a specialist herbivore and its host plant, with particular reference to plant yield and survivorship? I studied the interaction between an agricultural pest species, the striped cucumber beetle, Acalymma vittata (Fab.) (Coleoptera: Chrysomelidae) and its host plant, the cucumber, Cucumis sativus L. (Family Cucurbitaceae). Acalymma vittata is a specialist on plants in the Family Cucurbitaceae; larvae develop only on the roots of cucurbits, whereas adults have a strong preference for foliage, stems, and flowers of cucurbits (Houser and Balduf, 1925) . One generation per year occurs in Michigan, with egg laying by over-wintered adults occurring in June and July and new generation adults emerging in August and September. Individuals of A. vittata cause damage to cucurbits in three ways : vegetation consumption, root destruction, and disease dissemination. Of these, transmission of bacterial wilt disease [Erwinia tracheiphila (E. F. Sm.)] appears to be the most serious, since plants experience rapid wilting and death (Smith, 1911) .
Materials and Methods
Six experimental plots were established during the summer of 1976 near Whitmore Lake, Michigan, in an old field which had been fallow for eight years. Each plot was 7 m by 7 m and was separated from the nearest plot by 21 m of old field vegetation. The six plots were arranged linearly, 35 m from a nearby hedgerow. The hedgerow and intervening old field could provide nesting sites and alternate food for predators and parasitoids.
The composition of the six plots was: two corn (Zea mays, variety Golden Bantem) monocultures, two cucumber (Cucumis sativus, variety Tablegreen) monocultures, and two polycultures of corn, cucumbers, and broccoli (Brassica oleracea, variety Italian Green Sprouting). The positions of the plots were determined using a random numbers table. The two corn monocultures (plots 2 and 6) each contained 36 plants (6 rows of 6 plants each) and the two cucumber monocultures (plots 3 and 5) each contained 81 plants in 9 rows. The two polycultures (plots 1 and 4) each contained 84 cucumber plants (in 7 rows of 12 plants each), 36 corn plants (in 3 rows of 12 each), and 36 broccoli plants (in 3 rows of 12 each). The rows in the polycultures were arranged: cucumber, corn, cucumber, broccoli, cucumber, etc.
Because both cucumbers and corn are eaten by A. vittata (even though cucumbers are the preferred food), it was necessary to create both monocultures and polycultures with cucumbers and corn. Broccoli was included in the polycultures because it is known to support a large herbivore fauna (Root, 1973) and it increased both taxonomic and height diversity. Densities of the cucumber monocultures represent a balance between the need for an adequate number of plants to sample and the need to minimize intense plant competition which might mask the effects of herbivores on the plants. In order to maintain a constant density of cucumbers and corn between monocultures and polycultnres (so that observed differences in herbivory would not just be a reflection of different densities of host plants), the polycultures had a greater total plant density. Thus, it was necessary to have a low plant density in the corn monocultures to minimize the difference in total density between monocultures and polycultures.
Seeds were planted on 9 May, 1976, after the last frost. Where seeds failed to germinate, young plants from another garden were transplanted. To control weeds, sheets of black plastic were placed between the rows and mulch of grass clippings between the plants within the rows.
The abundances of Acalymma vittata on cucumbers and corn in the experimental plots were determined throughout the summer by direct observation. On eighteen sampling days [between 6 July and 19 September, corresponding to between 58 and 133 days after planting (DAP)], numbers of A. vittata were recorded. Each cucumber plant was carefully examined for beetles in flowers, on stems, and on or under leaves. Numbers of A. vittata on corn were sampled on five days between 20 July and 2 September, by searching for beetles on leaves, silk, and inside leaf whorls. This method censused the entire population and rarely disturbed the beetles or caused them to fly away, except towards the end of the season when there were large numbers of beetles per plant.
Herbivore movements were studied by a mark-recapture method. During the month of August, individuals of A. vittata were marked with Testors paint with a different color for each plot. Beetles were collected in the plots, marked, and then released by placing an open plastic bag containing the beetles in the center of the plot. On 7 August, 183 individuals were marked in cucumber monocultures and 50 individuals were marked in polycultures. In addition, later markings were done for certain plots: 752 marked in a monoculture on 18 August, 281 marked in a polyculture on 23 August, and 25 marked in a monoculture on 25 August. All cucumber plants were searched for beetles every three days until the end of the season.
Predators in the Order Hemiptera (Family Pentatomidae) were also sampled in the plots. Pentatomid bugs have been reported to be potentially important predators on A. vittata (Houser and Balduf, 1925) and were the most conspicuous and abundant predators in the plots. The number of pentatomids (primarily Euschistus spp.) on each plant was recorded on 13 days for cucumber plants (between 3 August and 23 September) and 4 days for corn plants (between 30 July and 2 September).
Cucumber plant survivorship and yield were measured weekly throughout the season to document the impact of herbivory on cucumber plants. Because the number of herbivores on corn plants was so low, herbivory effects on corn plants were not quantified. Since the principal damage to cucumber plants is the transmission of bacterial wilt disease, damage was assessed by counting the number of live cucumber plants in each plot on each herbivore sampling day (i.e., plants with at least one partially green leaf). Feeding damage to cucumber leaves appeared to be of minimal importance and hence was not quantified, Stem and root damage caused by larvae could not be determined without the destruction of plants, and thus were not measured.
Cucumber plant yield (a measure of relative reproductive output) was determined by weighing the cucumbers produced by each plant. On 15 days throughout the season between 11 July and 12 September, all cucumbers longer than approximately 15 cm were removed from each plant and the total weight per plant was recorded.
Comparisons of herbivore abundances and plant parameters in the two cucumber monocultures and two polycultures were carried out using a 2-way ANOVA on 81 plants per plot. Effects of plot diversity, replicate, and an interaction between diversity and replicate, on per plant abundances of A. vittata, plant survivorship, and plant yield, were determined. Means for all parameters were calculated for all cucumber plants, including non-surviving plants. Beetle abundance and yield data were transformed with a log transformation to statisfy the equality of variances assumption of ANOVA (tested with an F-test).
For those parameters measured or calculated on a total plot basis, such as reproductive rates and development time, comparisons were made using a 2-way ANOVA without replication, testing for effects of diversity and replicate. Per plot abundances of predators were compared with a Mann-Whitney U test, since data from different sampling days was highly non-normal and unequal variances could not be stabilized with transformations. For similar reasons, Mann-Whitney U tests were used to compare abundances of predators and herbivores on corn and cucumber plants.
Results

Population Densities
Acalymma vittata was more abundant over the entire season on cucumbers (total of 14,170 individuals on all cucumber plants) than on corn (total of 210 individuals on all corn plants) ( Table 1 ). The majority of individuals found on corn (163) were found in one polyculture plot on one sampling day, 107 DAP. There were clearly greater numbers found on corn in polycultures than monocultures, since no individuals were found in corn monocultures. To compare beetle abundances on corn versus cucumber plants, the number of beetles per plant per sampling day was calculated (Table 1) . For polycultures alone, numbers were greater on cucumbers than on corn (Mann-Whitney U test, W=-2.36, dr= (10, 36), p< 0.01). Since no beetles were found in corn monocultures, numbers were clearly higher on cucumbers in monoculture than on corn in monoculture.
Population densities of A. vittata on cucumbers were characterized by two peaks, a small one early in the season (6~82 DAP) and a much larger one toward the end of the season (100-126 DAP) (Fig. 1) . The initial peak was the result of colonization of the plots by adult beetles whereas the later peak in numbers was the result of reproduction within the plots. Because newly emerged beetles are much paler in color and have soft elytra for about two days, it was possible to distinguish between the parental generation beetles and those which emerged in the plots (offspring generation). By the time new beetles were beginning to emerge, most of the beetles of the previous generation had died. It is clear from looking at Fig. 1 that all plots were not colonized at the same time; in fact, plots 4 and 5 (one monoculture and one polyculture) had beetles as early as 58 DAP and substantial numbers by 65 DAP, whereas beetles did not colonize plots 1 and 3 (one monoculture and one polyculture) in substantial numbers until 82 DAP. Thus, because replicate plots differed substantially in terms of time of beetle colonization, significant differences in beetle and plant parameters between replicate plots represent differences which are most probably caused by variance in time of beetle colonization.
To compare numbers of beetles on cucumbers, the total number of beetles per plant over the entire season was calculated (Table 2) . Plant diversity strongly affected the number of beetles per plant (p<0.01), but there was no effect of replicate or an interaction between diversity and replicate (p > 0.05 for both). The number of beetles per plant was highly skewed (see Figure 2 ) since a majority of plants bad few beetles and only a few plants had many beetles. More cucumber plants in polycultures (25.6% as compared to 14.2% in monocultures) had fewer than two beetles over the entire season, and only 11.3% of the polyculture plants had greater than 64 beetles (as compared to 27.2% in monocultures).
These differences in numbers of beetles between raonocultures and polycultures were significant not only for totals over the entire season, but also for individual sampling days (see Fig. 1 ). Numbers of beetles during the second peak in numbers caused by reproduction were clearly greater in monocultures than in polycultures (Table 3) . Considering only those plants with beetles, there was a significant diversity effect on this estimate of the number of first generation beetles (p < 0.01). Replicate, or time of beetle colonization, even more strongly affected the peak number of first generation beetles; early colonized plots had greater peak numbers than did later colonized plots.
However, because the initial numbers of beetles colonizing the plots were not the same in all plots, a better measure of the rate of reproduction would be a reproductive rate per individual colonizing beetle (Table 3 ). This reproductive rate was greater in monocultures than in polycultures, but there was no effect of time of beetle colonization. Rates of development were not affected by either plot diversity or time of colonization (p > 0.05 for both, Table 3 ). Thus, plot diversity seemed to affect the reproductive rates of individual beetles, but not development time.
Movement Patterns
Out of a total of 1,291 individuals marked, 148 (11.5%) were later found, 140 in the same plot in which they had been marked (Table 4) . A greater proportion of beetles was recaptured in the same monoculture in which they were originally marked, than in the same polyculture in which they were originally marked (~2= 8.3, dr= 1, p < 0.05). This effect of plot diversity on the proportion of beetles found is apparent even after three days from the first marking (22= 5.4, df= 1, p < 0.05), indicating that beetles tended to leave polycultures more rapidly than monocultures. Only 8 out of 1,291 (0.6%) beetles marked were found in a plot different from that in which they were marked. There was no difference between the proportion of beetles marked in monoculture or polyculture which were later found in a different plot (22=0.34, df=l, p>0.05). Even though 6 out of 8 went from a monoculture to a polyculture, there was no significant effect of plot type where beetles were marked on the type of plot where beetles were later found (22=0.38, df= 1, p> 0.05).
Predation
Numbers of pentatomid bugs on both corn and cucumber plants throughout the season were low (Table 5) . Because there were no differences in numbers of pentatomids on corn between replicates (p > 0.05 for both), data were combined to make comparisons. A greater number of pentatomids were found on corn in polycultures than in monocultures (W=-2.74, df=(8,8), p<0.01). Because numbers of pentatomids on cucumbers were different between replicates (p < 0.05 for both), data for the replicates could not be combined. There were greater numbers of pentatomids on cucumbers in polycultures than monocultures for one comparison (plot 1 and plot 3; W= -2.05, df= (13,13), p < 0.05), Table 3 . Reproductive parameters of Acalymma vittata in the experimental plots and associated ANOVA results. Numbers of beetles at late peak (means + standard deviations) were calculated for those plants which had at least one beetle over the season (N= 16 per plot, randomly chosen). Reproductive rate was calculated as the mean number of beetles per plant at late peak divided by the mean number of beetles at early peak. Rate of development represents the number of days between the date of late peak in beetle numbers and the date of early peak. Date of early peak was calculated as the mean of the two dates of highest initial numbers (since there were plateaus rather than peaks). Degrees of freedom for ANOVAs were (1,60) for beetles at late peak and (1,1) 
Plant Yield
Yield of the cucumber plants in terms of fruit weight decreased throughout the season (Fig. 3) . This decrease was due primarily to fewer plants producing cucumbers as the season progressed, not to decreases per plant in the weight of cucumbers produced (since the mean yield was calculated for all plants, including those no longer alive). Total plot yields over the entire season were higher in the two plots which were colonized later (monoculture, 96.47 kg; polyculture, 72.84 kg) as compared to the two plots colonized early (monoculture, 67.71 kg; polyculture, 46.87 kg). Both plot diversity and time of colonization affected the total yield produced per individual plant (p < 0.01 for both, Table 6 ). Thus, cucumber plants in monocultures had higher yields than in polycultures. It can be seen from Fig. 3 that these differences between plots are clearly true not just for total yield, but also for individual sampling days. Plants in the late colonized monoculture consistently had higher yields than in all other plots, whereas plants in the early colonized polyculture had consistently lower yields.
Plant Survivorship
Survivorship of plants, measured by the average nurnber of days alive after planting, also was affected both by diversity and time of colonization ; the effect of time of colonization (F= 214.00, df= (1,320), p < 0.001) was even stronger than the effect of plot diversity (F = 20.40, df= (1,320), p < 0.01). Because the variances for this test were unequal (F= 12.01, p=0.00) and .could not be stabilized, the results of this test need to be interpreted with caution. However, survivorship curves for the four plots (Fig. 4) confirm the results of the ANOVA; clearly both diversity and time of colonization affect the rate of plant mortality. Plants in those plots which were colonized early had lower survivorships than did those in plots colonized later, probably because of the bacterial wilt disease spread by beetles. This lower survivorship in turn directly affected plant yields. However, plants in monocultures had greater yields than plants in polycultures, even though there was lower survivorship in monocultures (because of greater numbers of beetles). For individual plants, there were significant positive correlations between the total number of beetles on the plant, longevity of the plant, and total yield (number of beetles-plant survivorship, r= 0.23, p < 0.01 ; number of beetles-yield, r = 0.35, p < 0.01 ; yield-plant survivorship, r = 0.31, p < 0.01). Obviously the longer a plant lives, the greater the weight of cucumbers and number of beetles it would be expected to have over the season.
Discussion
Population densities of A. vittata on its host plant were strongly affected by a small increase in plant species diversity, as evidenced by nearly an order of magnitude greater numbers in monocultures than in polycultures. These results agree with those from other studies comparing herbivore abundances in simple and diverse communities (Pimentel, 1961b; Tahvanainen and Root, 1972; Root, 1973; Dempster and Coaker, 1974; Smith, 1976a; Altieri et al., 1977 Altieri et al., , 1978 . It appears that the presence of corn and broccoli confers an ~ resistance" to cucumbers, as reported for collards interplanted with tobacco and tomatoes (Tahvanainen and Root, 1972) .
Of the two hypotheses proposed to explain such differences in herbivore abundances (Root, 1973) , two aspects of the "resource concentration" hypothesis seem to be supported by this study, whereas there is no evidence supporting the "enemies" hypothesis. Differences in both reproductive rates and movement patterns are consistent with predictions from the '~ resource concentration" hypothesis that beetles will have higher reproductive rates and a longer tenure time in areas where their host plants are more concentrated. The greater per individual reproductive rates of A. vittata in monocultures than in polycultures (consistent with results reported by Altieri et al., 1977) partially explain the greater numbers of first generation beetles in monocultures, whereas longer tenure time in monocultures (as suggested by the mark-recapture study) appears to contribute to the greater population densities in monocultures over the entire season.
Differences in reproductive success and movement patterns in monocultures and polyeultures may result from: (1) differences in microclimatic conditions, (2) interference caused by chemicals from non-host plants (Kennedy, 1965; Altieri et al., 1977) , and/or (3) differences in host plant quality, since both absolute quality (chemistry and morphology) and relative quality (abundance and distance from other plants) (Atsatt and O'Dowd, 1976) would be different in monocultures and polycultures. Although Bach (1979) found that one aspect of host plant quality (plant survivorship) did not contribute to differences in herbivore abundances, it seems likely that biochemical quality strongly influenced the interaction between A. vittata and C. sativus. Cucurbitacins (secondary compounds contained in all plants in the Family Cucurbitaceae) act as feeding stimulants to cucumber beetles and positively affect the amount of feeding damage by beetles and thus the probability of leaving a plot (or just the probability of locomotion); in fact, flight patterns have been shown to be influenced by host plant odor (Douwes, 1968) . In addition, beetles may have a longer tenure time in monocultures because they display different flight patterns after landing on a host versus a non-host plant or because of aggregation pheromones, one of which has been isolated for a closely related species, Diabrotica unclecimpunctata howardi Barber (DaCosta and Jones, 1971b) .
The highly skewed distribution of beetles on individual cucumber plants most likely also is a function of cucurbitacins. Initial feeding on one plantleads to greater cucurbitacin release (Howe et al., 1976) which then causes more beetles to congregate on that particular plant. It has also been suggested that nonrandom feeding on host plants may be mediated by aggregation pheromones (DaCosta and Jones, 1971b; Howe et al., 1976) . Whatever the cause, plants in monocultures not only had a greater herbivore impact in terms of number of beetles over the season, but also a greater chance of having any beetles at all, thus a greater chance of acquiring bacterial wilt disease.
The low numbers of pentatomid predators in all plots throughout the season suggest that predation on cucumber beetles, at least by these insects, is not an important influence on the abundance of herbivores. However, actual predation pressure may be better measured by a ratio of the number of predators to the number of herbivores, which would be much greater in polycultures. The fact that there were more pentatomids on corn in polycultures than monocultures (which is consistent with the "enemies" hypothesis) suggests the possibility that predation on corn herbivores may indeed be higher in polycultures. Even though there were significant differences in numbers of pentatomids on cucumbers in monocultures and polycultures (for one comparison), it seems highly unlikely that these low densities of predators could account for the large and consistent differences in abundances of A. vittata on cucumbers. These inconsistent results were not entirely unexpected, since other studies have reported both higher and lower abundances of predators in diverse communities as compared to simple communities (higher : Pimentel, 1961 a; Dempster, 1969; Smith, 1969 Smith, , 1976b Dempster and Coaker, 1974; lower: Pimentel, 1961b; Pollard, 1971) .
In addition to the two proposed hypotheses (" resource concentration" and "enemies"), there is another quite different possible explanation which was not controlled for in this study. The observed differences in herbivore abundances could simply be due to the different total plant densities in monocultures and polycultures, and not actually be affected by the presence of other plant species. Because the polycultures had twice the total plant density of the monocultures, cucumber plants there may have been subjected to greater plant competition, and thus may have been different in size or quality (even though the number of cucumber plants was the same) from the plants in monocultures. However, Bach (in prep.) controlled for both plant density and plant diversity and found that differences in host plant quantity (density, growth, and reproduction) did not contribute to greater beetle numbers in monocultures than in polycultures.
It is not surprising that beetles were more abundant on cucumbers than on corn, both in monocultures and polycultures, since A. vittata is a cucurbit specialist. What is interesting is that there were more beetles on corn in polycultures than on corn in monocultures (the opposite pattern to that for abundances on cucumbers). Since A. vittata only utilizes corn as an alternative source of pollen and not as a larval habitat, it seems likely that beetles on the preferred host (cucumbers) in polycultures might feed occassionally on corn in the same plot, but would not go to or remain in plots with no preferred hosts. While other studies have documented differences between herbivore species in their response to diversity (Cromartie, 1975; Root, 1975) , this study points out different responses within one herbivore species.
In addition to effects of plot diversity on numbers of beetles, there is strong evidence that plot diversity also affects plant growth and reproduction. The greater yields of plants in monocultures than in polycultures colonized at the same time may be a result of increased plant competition in the polycultures (because of a greater total plant density and/or interspecific effects such as increased shading by corn, allelopathic chemicals in the soil, etc.). In addition, yields may be affected by other factors which differ between monocultures and polycultures, such as microclimate and principal mode of competition (light versus nutrient competition). It appears that the number of beetles on a plant was not an important influence on yields (as in Hill et al., 1948; Dempster, 1969) . However, it is difficult even to speculate as to how much of the variance in yield is explained by differences in other plant parameters (such as plant size and numbers of flowers) which might be influenced by the number of beetles.
Even though beetles did not appear to detrimentally affect total plot yield, they did significantly increase plant mortality, thus affecting the yield of those plants which died. Since most plants developed symptoms of bacterial wilt disease (Erwinia tracheiphila) carried by the beetles, it seems likely that the plot diversity effect on survivorship is a direct result of different numbers of beetles. Greater numbers of beetles initially in monocultures would cause a greater incidence of bacterial wilt disease, which in turn would lead to greater numbers of beetles because of greater cucurbitacin release. Both Haynes and Jones (1975) and Smith (1911) found that A. vittata prefers to feed on leaves wilted by E. tracheiphila. In addition, beetle movements from plant to plant (and thus, disease spread) would be easier in monocultures, since there would be no interference from other plant species. However, it is also possible that enhanced survivorship in polycultures may result from decreased intraspecific competition, lower beetle reproductive rates, or beneficial effects from the other plant species.
This study points out the dramatic effect of time of beetle colonization on an herbivore-plant interaction, which has not been documented in other similar studies. Even though the total number of beetles was not influenced by how early in the season plants were colonized, the herbivore impact as measured by actual effects on cucumber plant yield and survivorship was strongly influenced by time of colonization. In fact, the time at which beetles colonized the plots even more strongly affected plant mortality than did plot diversity, as evidenced by the twenty-fold larger F-value. This may be partially due to a greater susceptibility of the cucumber plants to bacterial wilt disease earlier in the season or simply a greater length of time for plant-plant dissemination by beetles. Moreover, lower yields in early colonized plots probably resulted from the shorter lifespans of plants in early colonized plots.
In conclusion, these experiments substantiated the hypothesized differences in abundance of A. vittata in plots with different plant diversities. It is suggested that differences in movement patterns and rates of reproduction may account at least in part for the observed greater numbers of A. vittata in monocultures than in polycultures. Both numbers of herbivores and time of herbivore colonization were found to strongly affect plant survivorship, and thus indirectly affect plant yield.
